Within the ischemic penumbra, blood flow is sufficiently reduced that it results in hypoxia severe enough to arrest physiological function. Nevertheless, it has been shown that cells present within this region can be rescued and resuscitated by restoring perfusion and through other protective therapies. Thus, the early detection of the ischemic penumbra can be exploited to improve outcomes after focal ischemia. Hypoxia-inducible factor (HIF)-1 is a transcription factor induced by a reduction in molecular oxygen levels. Although the role of HIF-1 in the ischemic penumbra remains unknown, there is a strong correlation between areas with HIF-1 activity and the ischemic penumbra. We recently developed a near-infrared fluorescently labeled-fusion protein, POH-N, with an oxygen-dependent degradation property identical to the alpha subunit of HIF-1. Here, we conduct in vivo imaging of HIF-active regions using POH-N in ischemic brains after transient focal cerebral ischemia induced using the intraluminal middle cerebral artery occlusion technique in mice. The results demonstrate that POH-N enables the in vivo monitoring and ex vivo detection of HIF-1-active regions after ischemic brain injury and suggest its potential in imaging and drug delivery to HIF-1-active areas in ischemic brains.
Introduction
Hypoxia-inducible factor 1 (HIF-1) is activated by a variety of stimuli, including focal cerebral ischemia [1] . HIF-1 is a heterodimeric transcription factor consisting of an oxygen-regulated alpha subunit (HIF-1a) and a constitutively expressed beta subunit (HIF-1ß), which play a central role in cellular adaptation by regulating a wide array of genes in response to limited oxygen availability [2] . Under normoxia, prolyl hydroxylases (PHDs) hydroxylate specific proline residues of the oxygen-dependent degradation domain (ODD) of HIF-1a, leading to its polyubiquitination by the von Hippel-Lindau protein (VHL) and subsequent proteasomal degradation. In contrast, hypoxia abrogates prolyl hydroxylation by PHDs and, after VHL binding to HIF-1a, leads to the stabilization and accumulation of HIF-1a [3, 4, 5] .
Oxygenation of brain tissue is impaired as a result of occlusion of a cerebral blood vessel causing subsequent irreversible infarction. The infarct core is surrounded by a hypoxic area [6] , known as the ischemic penumbra [7] , a region of hypoperfused, functionally impaired, but still viable tissue, in which HIF-1 activation is observed [8, 9] . Therefore, the HIF-1-active region in the ischemic brain provides a suitable target for efficiently treating cerebral infarction.
We previously reported that a fusion protein containing the ODD 548-603 of human HIF-1a is efficiently degraded under normoxic conditions, via a VHL-mediated protein degradation system, in a manner similar to that of HIF-1a [10] . Using ODDdependent degradation as a target-specific distribution and taking advantage of the capability of the protein-transduction domain (PTD) fusion protein to penetrate the cell membrane, we have developed PTD-ODD fusion proteins that specifically target HIF-1-active cancer cells in vivo [11] [12] [13] [14] [15] . We recently created a nearinfrared fluorescent (NIRF)-labeled PTD-ODD-HaloTag (POH) that functions as an imaging probe specific to HIF-1-active cancer cells both in vitro and in vivo [16] (Fig. 1) . Because NIRF-labeled POH (POH-N) is efficiently delivered to regions with less blood flow [11] and the PTD fusion protein can penetrate the bloodbrain barrier [17] , POH may be applicable to ischemic brain diseases as a specific probe for detecting HIF-1-active ischemic penumbra.
Here, we investigated the performance of POH-N as a molecular probe for imaging and targeting HIF-1-active regions in an ischemic stroke mouse model. The results demonstrate that POH-N allows in vivo monitoring and ex vivo detection of the HIF-1-active regions after ischemic brain injury.
Materials and Methods

Ethics statement
All animal experiments in this study were performed with the approval of the Animal Experiment Committees of Kyoto University, Graduate School of Medicine (Permit Number: MedKyo10202) and in strict accordance with the relevant national and international guidelines.
Animal preparation
The cranial window surgical procedure was performed for in vivo imaging, as previously described [18] . In brief, male C57BL/6J mice (6-7 weeks old) were anesthetized with 1.5% isoflurane in air, via a snout mask. A 6-mm-diameter hole was made using a fine drill bit in the skull. The center of the cranial window was located 2 mm posterior to the bregma on the midline. The dura mater was left intact. To cover the hole, an 8-mm cover glass (0.45-0.60-mmthick) was sealed to the skull with histocompatible cyanoacrylate glue and dental cement, which adhered to the bone ( Fig. 2A) . Transient focal cerebral ischemia was induced using the intraluminal middle cerebral artery (MCA) occlusion (MCAO) technique [19] . Body temperature was maintained at 37uC using a feedback-controlled heating pad. An incision was made into the external carotid artery, and a silicon-coated 8-0 nylon monofilament was inserted through the right internal carotid artery to occlude the MCA at its origin. After 60 min of occlusion, blood flow was restored by withdrawing the nylon suture. For generation of permanent occlusion of MCA, the nylon suture was not withdrawn. The survival rate of the MCAO/R model and the permanent MCAO model was more than 90% 24 hours after operation. Animals were assessed using laser speckle perfusion imaging (Omegazone; Omegawave Inc., Tokyo, Japan) to confirm adequate induction of focal ischemia and successful reperfusion (Fig. 2B) .
Plasmid construction and preparation of fusion proteins
The plasmid encoding the POH protein was constructed by substituting the coding sequences of procaspase-3 in PTD-ODDprocaspase-3 with HaloTag (Promega, Madison, WI), as previously described [16] . The plasmid encoding POmH containing the point substitution mutation, P564G [15] , was prepared using a QuickChange XL site-directed mutagenesis kit (Stratagene, La Jolla, CA) at the proline residue corresponding to HIF-1a P564. Final cDNA constructs were inserted into the pGEX-6P-3 plasmids (GE Healthcare Bio-Science Corp., Piscataway, NJ). Fusion proteins were expressed in BL21-CodonPlus cells (Stratagene, La Jolla, CA) as GST-tagged proteins. These GST-tagged proteins were purified with a GST column and digested with precision protease (GE healthcare Bio-Science Corp., Piscataway, NJ) to remove GST tags from the fusion proteins. The final products were equilibrated in Mg 
Preparation of the POH-N probe
We used NIRF dye IR800, as previously described [16] . The HaloTag ligand-IR800 was provided by Promega Corporation. HaloTag ligands (1 mg, 2.87 mmol; Promega, Madison, WI) in 100 mL of dimethyl formamide (DMF) were mixed with the NIRF dye and succinimidyl ester (1 mg, ,0.8 mmol; Invitrogen, Carlsbad, CA) in 1 mL of 10 mM boric acid (pH 8.5) in DMF. The reaction mixture was stirred in the dark for 12 h at room temperature. The reaction mixture was applied to a SepPak C18 reverse-phase column (Waters, Milford, MA), and the HaloTag ligands labeled with NIRF dye (HL-N) were resolved in 100 mL DMF. POH protein (40 mmol/L) was mixed with three volumes of HL-N (120 nmol/15 mL) in 10 mL PBS (pH 8.0) containing 100 mM Tris-HCl (pH 8.0) and 3 M (NH 4 ) 2 SO 4 for 2 h. POH-N probes were subsequently purified with a PD-10 gel filtration column (GE healthcare Bio-Science Corp., Piscataway, NJ) and an Amicon-10 centrifugation column (Millipore, Billerica, MA). Purified POH-N was finally resolved in PBS (pH 8.0). Fluorescence characterizations were confirmed by SDS-PAGE fluorescence imaging. The labeling rate, calculated as described by the manufacturer, was .0.7 [16] .
In vitro fluorescence measurement SH-SY5Y neuroblastoma cells (2610 5 cells/well) were seeded in a six-well plate (Riken Cell Bank, Tsukuba, Japan). The cells were pre-incubated under hypoxic (1% O 2 ) or normoxic (21% O 2 ) conditions for 16 h. The probe (500 nM) was then added, followed by incubation for 1 h. The cells were then washed with fresh medium, incubated for 3 h in fresh medium, and suspended in 200 mL of radioimmunoprecipitation assay (RIPA) buffer. Fluorescence was measured and imaged for 150-mL aliquots of suspension in a 96-well plate using an InfiniteH F500 microplate reader (Tecan, Durham, NC) with excitation and emission filters at 740625 and 780620 nm, and the IVISH-Spectrum in vivo imaging system (Caliper Life Sciences, Alameda, CA) with excitation and emission filters at 710615 and 800610 nm, respectively.
Western blot analysis
To analyze cultured cells, SH-SY5Y cells were seeded in a sixwell plate. The cells were pre-incubated under hypoxic or normoxic conditions for 6 h, then washed with medium, incubated for 3 h, and lysed using 200 mL of Laemmli sample buffer. Brain tissue samples were homogenized with a Dounce glass homogenizer using ice-cold RIPA buffer supplemented with protease inhibitors (Nacalai Tesque, Kyoto, Japan). Lysates were centrifuged at 10,0006 g for 10 min at 4uC, and supernatants were collected. Protein concentrations were determined by the BCA protein assay (Pierce, Rockford, IL). Protein samples were electrophoresed on 10% SDS-polyacrylamide gel and transferred to PVDF membranes. The POH-N probes, b-actin and HIF-1a, were detected by a monoclonal anti-b-actin antibody (SigmaAldrich, St. Louis, MO) and a polyclonal anti-HIF-1a antibody (R&D Systems, Minneapolis, MN), respectively. The primary antibodies were then reacted with appropriate secondary horseradish peroxidase-conjugated antibodies (GE Healthcare BioScience Corp., Piscataway, NJ). Signals were detected using the chemiluminescence ECL-PLUS system (GE Healthcare BioScience Corp., Piscataway, NJ). Data were normalized relative to the b-actin levels and expressed as percentages of the shamoperated controls.
In vivo and ex vivo fluorescence imaging POH probe (2 nmol) in 100 mL PBS (pH 8.0) was injected intravenously into the tail vein at 5 min, 6 hours, and 24 hours after reperfusion by the withdrawal of the nylon suture. Alternatively, POH probe (2 nmol) was injected intravenously at 60 min after permanent MCAO, without withdrawal of the nylon suture. Fluorescence images were acquired at the indicated times after injections. All fluorescence images were acquired with the IVISH-Spectrum (Caliper Life Sciences, Alameda, CA) system, using the following parameters: excitation filter, 710615 nm; emission filter, 800610 nm; exposure time, 1 s; binning, small; field of view, 666 cm; and f-stop, 1. Some mice were sacrificed after in vivo imaging, and their brains were harvested and sliced into 3-mm-thick coronal sections. Fluorescence emissions from these brain sections were measured using the IVISH-Spectrum system, under the same set of parameters for the excitation filter, emission filter, and exposure time. Relative fluorescence values were calculated by using regions of interest (ROIs) mirrored along the midline of the cerebral hemispheres. The contribution of the ODD domain in POH to clearance acceleration in the nonischemic brains was examined using POmH-N, which has a point mutation corresponding to human HIF-1a (P564G) in the ODD domain and thus lacks ODD regulation [20] .
Immunohistochemical analyses
Brain cryosections (10-mm-thick) were prepared using a cryostat (Leica CM3050S; Leica Microsystems, Wetzlar, Germany) and fixed in 4% paraformaldehyde. Cryosections were immunolabeled with the following primary antibodies: rabbit polyclonal anti-HIF1a antibody (R&D Systems, Minneapolis, MN), rabbit polyclonal anti-ODD antibody [16] , rabbit polyclonal anti-HaloTag antibody (Promega, Madison, WI), and rabbit polyclonal anti-HSP70 antibody (Cell Signaling Technology, Danvers, MA). Primary antibodies were applied overnight at 4uC. The sections were then incubated with biotin-or FITC-conjugated secondary antibodies. The avidin-biotin-peroxidase complex (ABC) (ABC-Elite; Vector Laboratories, Burlingame, CA) was applied, and the reaction product was visualized using diaminobenzidine (DAB). All photos were taken using a BZ-9000 microscope (Keyence, Osaka, Japan). 
Statistical analysis
Data are presented as mean 6 SEM. Statistical analyses were performed using ANOVA. Values of P,0.05 were considered statistically significant.
Results
Stabilization of POH-N under hypoxic conditions in vitro
HIF-1a protein levels increased under hypoxic conditions compared with normoxic conditions (Fig. 3A) . When SH-SY5 neuroblastoma cells were treated with POH-N, significantly (*P,0.02) higher fluorescent signals were detected in cells cultured in hypoxic conditions compared with normoxic conditions in a manner similar to that of HIF-1a protein levels ( Fig. 3B and C) .
HIF-1a accumulation after focal cerebral ischemia
Quantitative western blot analysis showed that cerebral ischemia induced by transient MCAO triggered a significant (*P,0.05, n = 4) increase in the HIF-1a protein levels in the ischemic hemisphere (Fig. 4A and B) . HIF-1a protein levels reached a peak at 6 h after 60 min MCAO in the ischemic hemisphere and declined thereafter (Fig. 4A and B) .
In vivo imaging of HIF-1-active regions in an ischemic stroke model
To examine the possible application of POH-N to ischemic diseases, we administered POH-N in mice with focal cerebral ischemia induced by transient MCAO. The fluorescent signal for POH-N was measured at the indicated times ( Fig. 5A and B) . Five minutes after POH-N administration, fluorescent signals were lower in the ischemic (right) hemisphere than in the non-ischemic (left) hemisphere, probably reflecting post-ischemic hypoperfusion in the ischemic hemisphere. However, at 1-6 h after POH-N administration, the fluorescence intensity increased in the ischemic hemisphere and decreased in the non-ischemic hemisphere. At 3-6 hours after POH-N administration, the relative fluorescence intensity of the ischemic hemisphere was significantly greater than the baseline, compared to that of the non-ischemic hemisphere (ischemic/non-ischemic ratio) (Fig. 5B) .
ODD-dependent clearance acceleration in the nonischemic brains
Examination of the coronal brain sections confirmed that the fluorescent signal was derived from the ischemic hemisphere, particularly in the cortical region adjacent to the striatum (infarct core), at 6 h after POH-N administration (Fig. 5C ). Although the ischemic sites showed higher fluorescence intensity than the nonischemic sites in both POH-N-and POmH-N-injected brains, the fluorescent signals in POH-N-injected brains were more restricted to the ischemic region (Fig. 5C) . Furthermore, the non-ischemic sites in POH-N-injected brains showed significantly lower relative fluorescence intensities than those in POmH-N-injected brains ( Fig. 5C and D) . The fluorescent signal derived from the ischemic hemisphere was visualized even without cranial window (Fig. 5E ). However, when POH-N was injected intravenously at 60 min after permanent MCAO or at 24 hours after reperfusion in the transient MCAO, fluorescence intensity was not different between the ischemic and non-ischemic hemispheres (Fig. 6A and B) .
Specificity of POH-N to HIF-1a-positive cells in the ischemic brain
Occlusion of the MCA for 60 min induced reproducible ischemic infarcts in the striatum (infarct core) and cerebral cortex, as detected by histology. The specific localization of POH probe in HIF-1-active cells was examined by immunohistochemical analysis of the brain at 24 h after POH-N injection. POH protein was specifically detected in the ischemic cerebral cortex, where abundant HIF-1a-positive cells were also observed (Fig. 7) . POH protein was mainly localized to the cytoplasm of cells (magnified images in Fig. 5 bottom panels) , which is concordant with a previous report [16] . HIF-1a, HaloTag, and HSP70 showed similar expression patterns in cortical pyramidal neurons within the ischemic penumbra. Overall, these results demonstrate the specificity of POH to HIF-1-active ischemic, but potentially salvageable, cells.
Discussion
In vivo imaging using the POH probe was previously demonstrated to accurately identify HIF-1-active regions in a mouse cancer model [16] . The present study shows that POH-N can also detect HIF-1-active ischemic lesions in a mouse focal cerebral ischemia model. One-hour focal ischemia induced HIF-1 upregulation at 1, 6, and 24 hours post-ischemia, even after reperfusion, probably reflecting the 'no-reflow' phenomenon [21] . Although the tissue in the ischemic hemisphere may have been temporarily subject to relative hyperoxic status after reperfusion, the fluorescent POH system worked at least 24 hours post ischemia, thus enabling HIF-1 imaging. This POH fusion protein method therefore has great potential in improving the diagnosis and treatment of ischemic stroke.
The PTD-mediated delivery system has been demonstrated to enable the delivery of biologically active proteins across the bloodbrain barrier. It has been shown that fusion proteins containing the PTD sequence, derived from HIV trans-activator of transcription (TAT), are delivered into the brain tissue after systemic administration [17] . To date, the efficacy of PTD fusion proteins, including the anti-apoptotic protein Bcl-xL, neurotrophic factor GDNF, and antioxidant enzyme SOD, have been demonstrated in rodent models of cerebral ischemia [22, 23, 24, 25] . However, many neuroprotective drugs that have shown promise in experimental animal models have failed to achieve positive results during clinical trials [26, 27] . One of the reasons for such failures is that the target drug levels identified in animals cannot be tolerated by stroke patients. For example, an Nmethyl-D-aspartate (NMDA) receptor antagonist has been shown to protect against ischemic stroke at plasma levels greater than 40 mg/mL in animal models; however, the highest tolerable dose in stroke patients is only half of this target level, above which neurological and psychiatric adverse effects are observed [27, 28] . One potential way to circumvent such adverse effects would be to take advantage of the ODD-mediated acceleration of clearance under normoxic conditions. In our experiments, POH-N was cleared from the non-ischemic hemisphere significantly faster than POmH-N (Fig. 5) . The results strongly support previous reports stating that the ODD domain contributes to the rapid clearance of POH-N from normoxic HIF-inactive tissue [16] .
The ischemic penumbra, which is the functionally impaired but potentially viable tissue surrounding the infarct core, is currently considered to be the most promising target for ischemic stroke therapy. However, the accurate identification of patients exhibiting penumbral damage is not straightforward. Currently, the most widely accepted and practical method for identifying the ischemic penumbra in stroke patients is to look for an ischemic region displaying reduced perfusion on MRI but a normal signal on diffusion-weighted imaging [29] . However, several studies show that this interpretation of diffusion-and perfusion-weighted imaging may be an oversimplification [30] . Although the ischemic penumbra was originally defined on the basis of cerebral blood flow and physiological parameters [7] , it can also be described in molecular terms [8] by examination of molecular layers emanating from the infarct core. Specifically, pro-apoptotic proteins and antiapoptotic heat shock protein 70 are expressed in the layer bordering the infarct, and HIF in the layers beyond [31, 32, 33] . Furthermore, ischemia-induced spreading depression induces the expression of c-fos and many other immediate early genes in the outer layer [34] , although such identification methods have not yet been applied in humans.
In the present study, POH-N was delivered to ischemic lesions, including peri-infarct regions (Fig. 7) . This result supports the idea that the PTD allows fusion proteins to be delivered to hypoperfused tissue, most likely via diffusion, to achieve the molecular definition of an ischemic penumbra. Furthermore, POH-N significantly accumulated in the ischemic regions and was specifically detected in HIF-1-active cortical cells after focal brain ischemia (Fig. 7) . We concede that this imaging technique may be deemed inferior, in terms of resolution, when compared to more established imaging techniques, such as MRI. However, such fluorescent imaging techniques may provide a useful complement to existing imaging techniques, as bedside evaluation would be available without the need of transferring stroke patients to the diagnostic radiology unit. In addition, since HaloTag ligands can be conjugated to a wide range of biomaterials. POH offers a wide range of clinical applications, including the production of imaging probes, even for MRI. Furthermore, a POH-mediated delivery system could be used to selectively target drugs to the ischemic penumbra, an area that has potential for recovery and thus may provide a target for medical interventions.
A limitation that became apparent during this study was the lack of clarity of some images of small mouse brains captured with the IVISH-Spectrum, which hindered the clear discrimination between ischemic core and penumbra. Another limitation arose through POH-N failing to reach ischemic lesions in the permanent MCAO model. In addition, POH-N had to be injected immediately, not at 6 or 24 hours, after reperfusion to visualize HIF-1-active regions even in the transient MCAO model. Since the partial or complete recanalization rate of major vessel occlusion exceeds 50% in the tPA era [35] , clinical application of this in vivo fluorescence imaging system should be further explored in parallel with efforts to enhance imaging sensitivity and widen the narrow time window.
